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ABSTRACT

H2E

A series of stagnation point plasma arc tests on specimens of carbona-
ceous material was examined to find out whether the loss of mass could be
explained in terms of oxidation of the carbon. Up to a surface temperature
of LOOO°F, it was found that it could be predicted in terms of the rate of
diffusion of oxygen through the boundary layer, computed by Lewis analogy
from the known heat flux and driving enthalpy. Best results were obtained
by assuming that carbon monoxide was formed, and by using the net heat flux
corrected for hot wall and transpiration cooling effects. One series of
specimens exhibited marked oxidation resistance, and here the loss rate
conformed to the half order Arrhenius equation, in which Lewis analogy
was again used to compute the partial pressure of oxygen near the wall. In
this case it was possible to compute the reaction rate coefficient of
oxidation for the material. Above LOOO°F, it was found that additional
mass loss was caused by spalling. This was a strong function of temperature,
and could be correlated by an equation of the Arrhenius form, although
insufficient data was available to determine pressure effects. It is
concluded that sufficient information can be obtained from plasma tests to
compute the oxidation and spalling rates of a carbonaceous material on a

re-entry vehicle. . Becrid & A2
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SYMBOLS

= Reduced reactivity, 1b/ft2-sec-atmi/2
B = Diffusion parameter, dimensionless
€ = Spalling constant, 1b/ft2-sec
Cox ™ Mass fraction of oxygen
cp = Specific heat of fluid, BTU/1b°R
D = Diffusion coefficient for oxygen, ft2/sec
D = Koe:—';' Tw , dimensionless
E = Activation energy of oxidation, K cal/mole
hewe = Effective skin coefficient, LB/ft?-sec°R
¢ = Enthalpy of fluid, BTU/1b
Ko = Dimensionless reaction rate coefficient
Ks = Dimensionless spalling coefficient
A = Conductivity of fluid, BIU/ft-sec®R
4&.,,‘ = Heaction rate coefficient of oxidation, lb/fte-sec-atml/ 2
L = Lewis number = eDcf//k
Leer = Effective Lewis number
™M = Mass loss rate, lb/ftZ-sec

Dad

] 2
Rats ¢ due to oxidation, 1b/ft“-sec

[}

£ loss
Mo = Rate of diffusion of oxygen, 1b/ft°-sec

Mes = Date of loss due to spalling, 1b/ft°-sec

M, = Total rate of loss, lb/ftz-sec

P,x = Quantity used in determining oxidation constants

PsrarL = Quantity used in determining spalling constants

P = Local static pressure, atmospheres



Partial pressure of molecular oxygen, atmospheres
Heat flux, BTU/ft2-sec

Convective heat flux with transpiration cooling, BTU/ftz-sec

R = Universsl gas constant, K cal/mole®i

Re = Praction of carbon in material

R.x = Ratio of oxygen to material oxidized

Tox = Activation temperature of oxidation, °R
Ts = Spalling temperature, °R

Tw = Temperature at surface, °i

X = Dimensionless oxidation rate

Y = Dimensionless mass loss rate or oxidation parameter
$ = Boundary layer thickness, ft

K = Transpiration cosfficient, dimensionless
Subseriots

coLp - Co023 wall conditlions

Wor - Hot wall ~=enditions

N - Initial trial value

e - Jonditions cutside boundary layzr

R - Racovery conditions

wW - Surface conditions

A - Species of ablating material
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1.0 INTRODUCTION

In tke search for high temperature materials to withstand re-
entry conditions, a considerable amount of attention has been given to the
poseible use of graphite and other carbonaceous materials. Because of its
high temperature of sublimation, its superior strength to weight ratio,
and its high emissivity, it would be an ideal material for a reradiating
heat shield, but for one problem, that it oxidizes at a relatively rapid
rate. Anti-oxidation coatings have been developed for graphite, but
suitable coatings are generally restricted to temperatures of about 3200°F,
little betier than can be cbtaincd with coated refractory metals. In
principle, it would seem possible to coat graphite with a high temperature
ceramic, such as zirconia or thoria, but such materials are too brittle for
use as coatings. For these reasons, the oxidation of carbonaceous materials
has been studied, and a number of tests have been made in a plasma arc
facility to verify theoretical predictions, and to obtain fundamental
properties.

It is generally agreed that the oxidation of carbonaceous materials
can be divided into three regimes, depending upon the processes which
determine the rate of oxidation. These are:

(1) The reaction rate control regime in which the oxidation rate
is controlled by surface kinetics processes, including absorption of
reactants on the surface, chipical reaction on the surface and desorption
of products from the surface-®.

(2) The diffusion control regime in which the oxidation rate is
controlled by diffusion of reactants to the surface or diffusion of products
from the surfacet.

(3) The ‘ransition regime in which both diffusion and surface
kinetics determine the oxidation rate.

The reacltion rate control regime has been studied extensively,

both theoretically and experimentally. Glasstone, et al™ present relations
derived from absolute reaction rate theory which give the reaction rate
for a true surface reaction applicable to non-porous materials. Wheeler2
has developed a model for the reaction of a gas in the pores of_a solid
which is applicable to a porous material, Blyholder and Eyring further

developed and obtained experimental confirmation for Wheeler's model.

TU, Davis, and Hottel® in 1934 and more recently, Moore and
Zlotnick® have studied the transition regime. Moore and Zlotnick were
quite sophisticated in their treatement of the boundary layer and surface
kinetics, howvever, their study lacked the benefit of experimental confirma-
tion. Bradshaw! has studied the transition regime experimentally, but it
is not known whether his results in this regime have been compared to
theory, quantitatively.




] The diffusion control regime has received extensive theorstical
study~'12. However, here again, there appears to be a lack of thsoretical
studies which have heen confirmed by experimental daba.

This paper is a study of all three oxidation regimes, and, in
addition, of mass loss by spalling. Beth theorstical and experimental
technigues have been smployed to establish techiniquss for the investigation
of mass 2oss of carbonaceous materials in a gas stream. The methods
developed should also prove invaluable for the investigation of carbonaceous
materials incorporating additives, internally diffused coatings, etc., for
the reduction of oxidation rates. They are not essentially limited to
carbonaceous materials, although other materials have not been tested to
date. :

1.1 Summary

A proprietary method of forming reinforced carbonaceous materials
of hich strength and porosity was developed by Chance Vought Corp. A large
number of plasma tests have been run on specimens of this material in the
180 X4 plasma arc facility of the Ling-Temco-Vought Research Center, The
cold wall heating rates for these tests ranged from 8 to 730 BTU/fté-sec,
as determined by calorimeters, the air enthalpies ranged from 3500 to 16,000
BTU/1b as datermined by energy balance and sonic throat methods, and the
surface temperatures ranged from 1650°F to 5600°F as determined by optical
pyrometers with suitable corrections. These conditions are typical of those
experignced by manned re-entry vehicles. A }grge number of these plasma
arc tests were carried out by Carlson, et al*’., In analyzing these results,
it was noted that the surface recessions could be approximately corrslated
on the assumption that the rate of diffusion of oxygen to the surface could
be predicted by what might be termed 'Lewis analogy'. A typical material
studied was desipnated Matrix II. OSeveral of the materials were intended
to resist oxidation, and on2 appeared particularly successful. This was
desiznatad as Matrix III. ’

It was dscided that the Lewis analogy might be used in predicting
surface recession rates in IBM studies of ablators. To obtain corract
predictions of surface rec=ssion at lOﬁ temperatures, the oxidation
reaction suggested by Nolan and Scalallt was used in conjunction with the
diffusion equation.

In order to verify the equations, the test results of Carlson,
et all3, were reanalyzed. At the same time, equations were developed to
predict the rate of mechanical erosion, or 'spalling!, which was seen to
occur at high temperatures, and methods were developed to obtain the material
constants from test data. The results obtained for Matrices II and III are
given in Section 3 of this paper. '

A heat shield system is currently under gev opment, in which a
reinforced carbonaceous face is used (F. C. Smithi”s ). The results of
a series of oxidation tests on this material are also given in Section 3.




1.2 Conclusionsg

1. A set of equations has been derived to account for surface
recession rates due to oxidation and spalling, and a method has been
developed to derive the required material constants from plasma arc test
results, Using this approach, it has heen shown that test results can be
correlated to within experimental scatter. This report has been restricted
to demonstrating the feasibility of the approach, and insufficient test
data has been available to permit the application of statlstlcal methods
in obtaining correlation.

2. Materials tested to date are restricted to a particular
formulation, referred to as reinforced carbonaceous material. It is believed,
however, that the methods developed here are applicable to any material
which undergoes oxidation, and in which the chemical form is relatively
independent of temperature.

3. One particular material, referred to as Matrix III, shcwed
Pparticular promise as an oxidation resistant material., This relies on an
internally diffused coating, as opposed to a surface coating, and is
therefore not liable to suffer catastrophic failure.

‘b, Due to limitations imposed by the performance of the plasma
arc, the effects of pressure could not be determined.

2. THEORY OF OXIDATION

There are three basic mechanisms by which the surface can recede
on a material composed mainly of carbon or graphite, when exposed to a
stream of high temperature air.

(1) Oxidation: This is further divided up into three regimes:

(a) The reaction controlled regime, at low temperatures,
in which the air at the surface is oxygen rich, and oxidation is controlled
by the chemical reaction rats.

(b) The transition regime, at intermediate temperatures,
in which the rate of oxidation is sufficiently high to reduce the concen-
tration of oxygen near the surface.

(c¢) The diffusion controlled regime, at high temperatures,
in which the oxidation rate is controlled by the available supply of oxygen
diffusing through the boundary layer to the surface.

(2) Spalling: This covers a multitude of poorly defined mechan-
isms by which material is removed from the surface in excess to that re-
moved by oxidation. -Spalling typically occurs at high temperatures, and is
probably dependent on shear forces or total pressure.



(3) Sublimation: This is the fundamental ablation process, in
which the material is converted to gas, and absorbs heat of vaporization in
the process. The process of sublimation may be completely masked by spalliing,
so that it cannot be detected independently. Since sublimation of the sur-
face of a heat shield is well understood, and since the temperatures considered
in this study are below the sublimation temnerature of carbon, it will not be
considered here.

2.1 Derivation of Oxidation Equations

The rate of mass loss due to oxidation by molecular oxygen is
given by the equation,
—T;as/4—

Mg = ’k”‘(Po‘z. v:h-

where m, i3 the effective mass loss per unit area due to oxidation, in-
cluding material which does not oxidize, but is relesased in the oxidation
process; ,L,‘ is the reactlon rate coefficient, sometimes referred to as the
"specific reactivity"; ( o2 )w 1S the partial pressure of molecular oxygen
at the surface; Tex 15 the activation temperature, equal to E/R , where

E is the activation energy; and Tw is the surface temperature. There
is still some disagreement as to the precise fom of this equation, which

has been taken from Nolan and Scala (Reference *%). In particular, it is

not certain that the index (order of reaction) should be 1/2. Blyholder and
Eyring indicate that from 1510 to 1870°R for porous graphite the index is
indeed 1/2. But for higher temperatures and/or non-porous graphite, they
found values from zero to 3/4 3k, Regmfare, the specific reactivity

is believed to be temperature dependent, However, Blyholder and Eyring
indicate that for porous graphite the reactivity is proportional to temperas
ture to the 1/L power and that for non-porous graphite, the power is unity, 3, L‘
Thus, the temperature dependence of Kox is quite wezk compared to the exnonentlal
term in Eguation 1. Finally, the aforem ﬁntioned authors found that above
1870°F for porous graphite Tox changes.

2.1.1

If atomic oxygen is present at the surface, a second term should
be added to Eqn. 1. It has been assumed here that all oxygen reaching the
surface is recombined.

The relationship between the rate of diffusion of oxygen and the
rate of heat conduction through the boundary layer can be derived in terms
of an effective Lewis number. We assume that the boundary layer thicknesses
for heat conduction and diffusion are equal, and given by & . Then the heat
transfer rate in the presence of transpiration cooling from the gaseous pro-
ducts of ablation, % aow 18 (see also Section 2.3).

Goow (CJ-;C?] V§ - Z () M«‘(‘)(L -Lw)

here (ta-tw) 2.1.2



where {_IA: ] is a suitably averaged ratio of conductivity /&. divided by
specific heag Cp in the boundary layer; Mo and W, are rates of
injection and transpiration coefficients, respectively, for a given species
& in the gaseous products of ablation; LR and U,, are the values of
the enthalpy of the air at recovery and wall temperatures, respectively;
and hgee  is the effective skin coefficient.

The rate of diffusion of oxygen, Mo per unit area, is given by;

Vi = @ (Coxy - Cann)/6 | 2.1.3

where 0D  is a suitably averaged product of density © , and diffusion
coefficient D , in the boundary layer; and coxe s Cox, are mass
concentration ratios of oxygen at the outer surface of the boundary layer, and
at the wall, respectively. :

Noting that the Lewis number is defined by;

L o= eDCP /k 2.1.h

we can define an effective Lewis number, L.ger , by;

= eD
(TRfEe] - 83 (=) vuKu

LEFF’

= Mox 2.1.5
‘ hEFF <c°x2_ COXw)
after substituting from Eqns. 2 & 3.

The effective Lewis number includes the effects of transpiration
cooling, which is assumed to block heat conduction and oxygen diffusion
through the boundary layer in equal ratios. Since the Lewis number normally

has a value close to unity, it may be assumed that LEFF is also close to
unity.

At sufficiently low temperatures, the oxygen reaching the sur-
face is mainly molecular, and the partial pressure of oxygen near the wall is;

(Poz)w = P;—oxw (M‘W'(MR./M’W‘ (oz)) 2.1.6

where is the local static pressure; and MW, (A.R),M.W,(,,_) are molecular
weights of air and 0p respectively.

The ratio of oxygen consumed at the surface to the effective mass
loss due to oxidation can be expres®d as the constant ratio;



Rox = WMox/Me 2.1.7

if one chemical reaction is assumed to take place, for example, if the reaction
is*;

2C + O + Non-oxidizing material
> 2CO +  Non-oxidizing material
: 20108
and if Rec is the proportion of carbon in the total material;
Rox - (A.W.(ox) A.W.(c)) Rc_ = ‘_E EC. 2.1.9
3

where A W.(oxy and AWy, are atomic weights of oxygen and carbon, with
values of and 12 respect(ively.

. 02) w from Egn. 2.1.6 into 2.1.1,.

Substituting the value of (
and eliminating < o,, and Mox from Egns. 5 and 7 respectively.

. Vo . Y2 _Te
M = AP’ (v~ er._/hgpp) e” 2.1.10
\,-.__
where A = ’ko\ {(MW (A\R)/M.W. (°z) ) Coxe } 2.1.11
B = Row/l-snf Coxg 2.1.12

Equation 2.1.10 gives the oxidation rate of carbon or graphite by molecular
oxygen in the reaction rate control, transition, and diffusion rate control
regimes. The terms A, B and Tex depend on the material and on the nature

of the atmosphere. They are approximately constant for any given re-entry,
provided that iﬁemical reactions do not take place in the material which change
the value of ox « The terms , hgge , and T,y define the environ-
ment at the surface, and vary durfng re-entry.

Additional material is lost by spalling and by sublimation. It is
assumed that these can be characterized by an equation of the form;

T /Tw

Mgp = C(?)e 2.1.13

where C ) is a coefficient, dependent to an unknown extent on aerodynamic
forces and other variables, and Ts is a characteristic spalling temperature,
equivalent to the activation temperature Tox in Egn. 2.1.1.

The total mass loss rate now becomes;

Mror = Mg -+ ™Msp 2.1.14
# Blyholder and Zyring 35l indicate that CO is the primary product of
graphite oxidation from 1510°R to 223C°R and probably to 277C°R.
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2.2 Dimensionless Form of Equations

Bquations 2.1.10 and 1L can be put into dimensionless form by taking

X

Bf:dg heFf.

Y B mror/ herr

parameter
and writing them in the form '
X = Ko (1~ x)""e"T""ﬁw
Y = X + Ks e
where K, = AB Pfyhg‘.-\z
Ks = BC/}\EFF

The solution of Egqn. 1 is

X= %D {vD'r& -0}

~Tg/ W

T
where D= K.e~ ox/ W
1.2
|0’|
10'%110¢ 108
1.0
10 4
10 |°3 B
.nr 10? / P
/ °
X .6 v -
' l / / - X=Ko (1-X)% ¢~Tox /Tw
4 J 1 4 ,I ‘i’
l / ' Ko =1 ——""—-——
.2 "4 =
//.
4]

[») .08 16 .24 .32 .40 .48 .56 64 72 .80 88
Tw/Tox
FIGURE 1 DIMENSIONLESS OXIDATION RATE (X) VS.
TEMPERATURE RATIO Ty /Tox FOR VARIOUS VALUES
OF DIMENSIONLESS REACTION RATE Ko

= dimensionless oxidation rate

= dimensionless mass loss rate or oxidation

2.2.1
2.2.2

= dimensionless reactivity

= dimensionless spalling constant

2.2.3

The dimensionless
oxidation rate X is
plotted in Figure 1

as a function of Tw/ Tox
for a number of values
of the dimensionless
reactivity Ko . It is
seen that at low temperatures
the oxidation rate
increases with temper-
ature as governed by
reaction kinetics, but
as the temperature
increases further, it
und=rgoes transition
to a constant rate
determined by oxygen
diffusion, Decreasing
the reactivity has the
effect of raising the

temperature at which transition occurs and of broadening the transition
temperature regime. Furthermore, the extent to which decreasing the reactivity
of a given type of material (by use of oxidation inhibitors for example) will
decrease the oxidation rate depends strongly upon the temperature range of
interest. It will be shown in Section 3 that the dimensionless form of the
oxidation relations is extremely useful in evaluating experimental results.

SNO




2.3 Computation of Iffective 5kin Coefficient

Before plasma arc test results can be reduced, the effective skin
coefficient Negrr must bz determinad, as defined in Eqn. 2.1.2. Several
methods are available for determining recovery enthalpy in the plasma stream,
te , and the enthalpy at wall conditions, (. can be determined from a
Mollier diagram, if local pressure and surface temperature are known. The
" heat flux, however, is measured by a calorimeter having the same shape as the
test specimen, and must be correctad for the effects of wall temperature and
transpiration cooling.

The correctzd convective heat flux can be written in the approximate
form

%luovl = %uar - Z ("‘) f:"c(_ ’{.(_ ((:g- ‘:w} 2.3.1

where M« , W, Ug , and Uw , have already been defined in Egn. 2.1.2, and
wor 15 the convective heating to the hot wall, which can be expressed in
he form :

\

Fror = Feoo (t':'_ Yw 2.3.2

\"COLD

Here, is the equivalent heat flux to a cold wall, as measured

by a calorimetersy SHere the enthalpy of the air at cold wall conditions is
Leowo *
2.0 Comparison with Method of Nolan and Scala

Nglan and Scalalh use a somewhat different method for computing the
oxidation rate, in which rates of oxidation in the reaction and diffusion
regimes are first calculated, and then combined so that the result is
asymototically correct., Their approach can be summarized as follows:

The mass loss rate in the reaction controllsd regime is given
by Egn. 2.1.1 in the form

. /2 Y2 - lox Tw
Magacr = oX ( P°2.)e, e 2.).;.1

The skin coefficient is computed from the equatioq;
\rS /
hgr;- = %_H_o_“_‘_ -_-o.o333P }(‘é) [ L J
U - L VZR, L|F (A
+ TERM 2.4.2

where :F(_/\_) is a function of sweep angle, Re is an effective nose radius,d
is an ind2x depending on geometry, and 'TERM' is a quantity which is small
at high heating rates, and will be ignored in the following analysis. The
mass loss rate ir the diffusion controlled regime for a carbon or graphite
material is giver by S

3

Mowe= 6.2 x1072 P’z;(-/\-) ‘/z— 2.
VZRg  |F ()
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Referring to Eqn. 2.1.10, it will be noted that ths mass loss rate
in the diffusion controlled regime can be obtained by equating the term in
the brackets to zero, and solving for ™z . If we then obtain hgee and
Mo ee from Eqns. 2 and 3, with TERM = 0, we obtain

B = hEFF }‘:‘Dl"F = 0533/6-2- x ’0—6 = 5.37 2-!1-..'.',

This valuz is lass than the 5.80 reported in Table II for carbon
or graphite, as obtained from Egqn., 2.1.12. The mass loss rate in the
transition regime is now approximatsd by

e = ‘ 2.14.5

\/Mggac-r + \/MOW\'—'

If we multiply this expression through by B/ hegsr , and
substitute from Egqn. L, noting that

Bw™
Z T REACT . _ D 2.1.6
here
where O is defined in Eqn. 2.2.3, we have
X = Y 2.4.7

\/ D+
This expression for D iSs compared with ths expression derived

in this report, as given by Eqn. 2.2.3, in Figure 2, It will be noted that
the difference is not large.

l.o /?
8 ‘/
x=%D(\/D*+4 -D) / [ |
= - _
o /] x=

{THIS REPORT) / (L +1)
;)

(NOLAN & SCALA)
4 Vi !

i [ |
A// MAMENCI AT!II‘l I | |

MOMENCLATURE i T o1
é X =DIMENSIONLESS OXIDATION RATE
2 Ko =DIMENSIONLESS REACTION RATE _| |
Tox=REACTION TEMPERATURE
Tw TSURFAC}E YETPEIRAiIUlE

0.1 1.0 10.0 50.0
D:Ko.'('ox/Tw)

FIGURE 2 COMPARISON OF TWO EXPRESSIONS FOR
THE DIMENSIONLESS OXIDATION RATE

M (B/hggs)

A\,

X=

3. - EXPERIMENTAL RESULTS

3.1 Detemination of Oxidation Parameters from Plasma Tests

A large numbar of plasma tests have been run on specimens of
reinforced carbonaceous material , or RCM, in the 180 kW plasma arc facility
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of the Ling-Temco-Vought Research Center. The material referred to here is

a proprietary sysigm developed by Chance Vought Corp. It is described fully
by Carlson, et al™~, and censists of laminated sheets of carbom, or graphite
cloth, bonded by a polymer, and than reduced tc a char ir an oven. The final
result is a laminate hondasd by long carbon molecules, possessing unusually
good structural properties at high temperatures. Although the RCM is mainly
carton, its unique structure derives from its organic origin. Since the
material is porous, it can be trcated in a number of ways, including the vapor
deposition of materials which improve its resistance to oxidation uniformly
throughout its thickness. It can also be soaked in a 'filler! material,

which ablates when heat is applied, thereby improving its effective insulative
properties for limited periods. The RCM may also be graphitized, which
modifies its structure somewhat,

Three materials were selected for a detailed study of their oxi-
dation propertices, and further information is given on their composition
in Table 1. 4 total of 81 tests is included in this study, and results are
cdetailed in the Apvendix.
TABIE I

Composition of Reinforced Carbonaceous Materials

Designation Matrix IX Matrix ITI Face Material
Keferences 13 13 15, 16
Laminate Graphite Graphite Graphite
Graphitized Ne Yes No
Vapor Deposit None Silicon & None
Zirconium

Ablative None None None
Fillers Polystyrene Nylon 6

Nylon 6 Ammonium

Fluoroalkyl Chloride

Acrylate
Ammoniur Chloride
Borox

The firet two materials, Matrix II and Matrix III, were tested to
determine their performance as ablators, as reported in Reference 131 Test
specimens were cylindrical, 3/l inches in diameter and 1/2 inches long,
except for some specimens ore inch long, and were tested under stagnation
pcint conditions. The third material, referred to as face material, has
been developed as a protective face for a special heat shield system; it




738 tested under stagnation poirt conditions and also undsr side heating
conditions, as reported in Reference 16. Configurations of these test
specimens are shown in Figure 3. '
MATRIX Il (LONG) :I‘\‘:IEEklAl
MATRIX 1t & '"Z 7

"-.5"—" 1" ‘25"

o
HOLDER-
STAGNATION POINT TEST SPECIMENS

15 FACE MA‘ERIAL7 o

i WATER-COOLED

| 80"~
|
L)
'

SIDE HEATING TEST SPECIMEN AND HOLDER
FIGURE 3 PLASMA ARC TEST SPECIMENS

3.2 Determination of Oxidation Paramasters

The results of the plasma tests are given in the Apvendix.
Experimentzl values of the oxidation parameter Y are shown plotted in
Figures l;, 5 and 6 for the material systems. In compiling the values of Y ,
it was necessary to assume a value for the effective Lewis number, (LE rr)m‘.r
so that ™y is defined by

Y = PMror (&x Mot > \ 3.2.1

Neer

For any test point lying in the diffusion regime, ‘an low the spalling
regime, we shouvld have
. A [ ) .

Rox Myt v Ecxms = Mg
and ~

C_oxw ~ Q

Thus, from the definition of Lerr given by Eqn. 2.1.5

Y = LEFF/(LEFF)\N\T 3.2.2

For the computations in the Appendix, and the experimental points
pletted in Figures 4, 5 and 6, it was assumed that (Lgee)wnT =1, Thus,

if a distinct diffusion regime exists, the values of Y for any experimental

13
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1,

points in this regime
are equal to the
experimental values of
LegF . According

to the theoretical
curves shown in the
figures (the derivation
of these curves is
explained later),
distinct diffusion
controlled regimes
exist for Matrix II

and face material.

This regime is
characterized by values
of Y near unity and
invarient with temperature.
The number of experimental
points for Matrix II, as
shown in Figure L, is
insufficient to obtain
a good value for Lgpp
differing significantly
from unity, although
experimental points

lie between 0.75 and
1.0. The experimental
points for the face
material, as shown in
Figure 6, cover the
complete diffusion
control regime, and
values for Lger 1lie
between 0.8 and 1.25.

For lack of more

precise information,

it has been assumed

that \LeFrF = 1.0.
From kinei%c theory
estimates™' the Lewis
number is of the order
of one. Since the rate
of loss of carbonaceous
material, without
oxidation protection, is
very nearly proportional
to Lgrr during re-
entry trajectory, a
better definition of




L crr is evidently required. It may be noted that the results of Nolan
and Scalalll indicate that B = 5.37 for carbon and graphite (see Eqn. 2.L.L),
whereas B = 5.9 when Leggg = 1 (see Table II). Thus Nolan and Scala's
analytical results indicate a vaiue for Legee Of 5.8/5.37 = 1.08, when
applied to a typical nose cone, in compariscn with the experimental range of
0.75 to 1.25 obtained in plasma tests. In an earlier paper9 Scala assumed
L =1.2. Most other investigators®s 10, 12 have assumed Lgpr = 1.0.

Experimental values for Lgeg presented here reflect the assumption
that. transpiration affects diffusion as well as convective heat transfer _
through the boundary layer. For specimens without filler, the transpiration
cooling reduced the heat flux by less than 11% in all cases, and had it been
ignored, experimental values of Lgegr would have been reduced by the same
percentages. However, for specimens with ablative filler, reductions lay
between 16% and L9%, which would have brought the corresponding experimental
points well below those for the unfilled specimens., Although the evidence
is not conclusive, it does appear necessary to consider transpiration effects
when computing oxidation rates in the presence of ablation. When there is
no ablation, it does not have much effect on the results, whether or not it

is correct.

The experimental results presented in the Appendix have been used
to determire values of the oxidation and spalling constants, by methods ex-
plained in the following two sections. The results are given in Table II,
and have been used to compute the theoretical curves in Figures L, 5 and 6.
Because of the range of values of p and hgrF during the tests, two
theoretical curves are shown in each figure, representing the range of
experimental conditions. These are summarized in Table III. For comparison,
values of the oxidation constants are included iﬁ TaEle ITI for commercial and
oyrolytic graphite, as given by Nolan and Scala 4% and Hortoni”,

The test results for Matrix II, as shown in Figure l, lie mainly
in the spalling regime characterized by values of Y considerably greater
than unity, and show considerable scatter about the theoretical curve.
More regularity can be discerned in the test points for any given material
(matrix-filler composite), indicating that the filler material may have an
effect on spalling.

The test resulis for Matrix III, as shown in Figure L, indicate
considerably better agreement with the theoretical curves. 1In fact, the
only bad point is one with nylon filler. The writers have viewed motion
pictures of a plasma test on material incorporating nylon, and it was evi-
dent that the nylon extrudes from the surface in plastic form. It is poS-
sible that this is responsible for mechanical erosion of the surface,
causing an excessive mass loss. The significant point about the tests on
the Matrix IIT material was that it exhibited considerable resistance to
oxidation. This is evidenced by values of Y in the reaction rate and trans-
ition control regimes ( Y considerably less than unity) up to extremely high
temperatures. In fact the mass loss rate did not exceed the theoretical dif-
fusicn controlled rate ( Y = 1.0) until a surface temperature of 5750°R was
reached, where spalling began to occur.
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AT IT Y
MATHRRIAL

Tox , °R

/4

A [ , z
M, lb/ TU SEC ATM™
B

Te, °”

C, \Wbfft"sec

TABLE TIX

CONSTANTS FOR THTCRETICAL 2YIDATION PARAMETERG

1

Transition Regime:

P » atmospheres, Max

Min
hEFF‘\b/§¥‘ssc Max
Min
Ko Max
Min

Zpalling Regime:
P s atmospheres, Max
Min
hEpp)\b H* sec. Max
Min
K ) Max
Min

ANt A~

(237 Cxyeanj

MATRETX TITY

39,800

-~ --.q
00 x 13

()

0.065
0.05
0.4
0.02

2,28 x 1010

3.95 x 1012

1.97 x 1012

17

MATRTY TIT

FACE
39,800
1.72 x 1
5.8
157,500

1.36 x 1010

P 4
U/

.00156
.00102
.002570
.0011,91
2.63 x 107
1.245 x 107

.02150
3.66 x 1012

3.11 x 1012



The plasma arc bests reportad on datrices II and IIT were ori-
~inally carrizd out to determine the effectiveness of RCH as an ablative
material. Although the test results were used in developing the theory
oresented here, the presence of fillsrs introduced added complicatioms.

The tests on the face material were carried out specifically to determine
its oxidation proverties, and both side heating and stagnation point tests
were made to increase the range of surface temperatures. The results shown
in Figure 6 cover tests in 5, 10 and 23% oxygen, mixed with nitrogen, and
fall into the transition, diffusion, and spalling regimes. Scatter of the
test points about the theoretical curves is highest for the side heating
specimens in the transition regime, but this may be due to experimental
difficulties. Mass losses had to be kept small because the specimens were
only 0.15 inches thick, and erosion rates varied considerably over the
surfaces, due to flow effects. The mass losses actually given were computed
from recessions measured at the same locations as the calorimeters used in
determining the cold wall heat fluxes. Mass losses at the stagnation

point were obtained by weighing, however, mass losses were also computed
from the measured recession of the face material specimen (in brackets in
the Appendix) to determine whether oxidation occurred in depth. Comparison
of the two sets of fifures indicates that this is not the case.

Points corresponding to O% oxygen could not be included in this
plot. Therefore, the mass loss rates,i«ToT-, are shown in Figure 7 for all
tests on the face material. Three of the stagnation point specimens in
0% oxygen showed considerable mass losses at around 3,500°R, while the side
heating specimens at lower temperatures showed no mass loss. Since the
losses occurred well below the spalling regime as evidenCed by the results
in Figure %4, no reasonable explanation can be given.

Due to the severe restrictions on the ranze of pressures obtain-
able in the plasma arc, it was not possible to check the dependency of
oxidation and spalling on pressure. Other methods are available to verify
the half order of reaction assumed in Eqn. 2.1.1, but the determination of

the pressure dependency of the spalling coefficient (C in Egn. 2.1.13) will
present a serious problem.

7x0°°

SYMBOLS
A 0% OXYGEN °
o 6x10 8 .5% OXYGEN 5
® ® .10% OXYGEN :
i sx10°? © -23% OXYGEN
~
2 %
-~ 3
5 4*19 I'notes
£ 1. RCM FACE MATERIAL .
# 3%10 *[2. Mior=TOTAL MASS LOSS RATE
= 3. A =STAGNATION SPECIMEN .
8 2x10 2| —4. MASS LOSS RATE, BASID ON e
g THICKNESS LOSS METHOD FOR a
2 $IDE HEATING SPECIMENS | A |, A
< g+ . - 3 i
% SIDE HEATING 8 Kg ! i
[ SPECIMINS Lo STAGNATION SPECIMEN — |
o L

1000 2000 3000 4000 5000 2000
TRUE FRONT FACE TEMPERATURE (1,: - &

FIGURE 7 MASS LOSS RATE VS. SURFACE TEMPERA TS

SIDE HEATING AND STAGNATION OXIDATION



3.2 Determination of Oxidation Constants

Experimental values of the oxidation parameter Y obtained in
the transition regime, and at temperaturss for which spalling is negligible,
can be used to determine the oxidation constants. In the temperature range
definad, we have Y=X <\ , and can rewrite Egn. 2.2.1 in the form

Pox = Y heee =(AB)‘e'ZT:/ﬁ" 3.3.1
\— Y P

Taking logarithms of both sides

ﬁn) TBx = /QN(Aﬂ)z" 2 Vox/Tw 3.3.2

Thus if experimental values of F,x are plotted against | / Tw
on semilog paper, the slope of the best fit line is equal to -Z Tox ©
and the intercept is equal tovar-%ﬂ.m (AB)* . A plot of this type is shown
in Figure 8 for Matrix ITI materifl, and includes all test points below
S5C°R. Another plot is shown in Figure 9 for the face material, and in-
cludes six side heating test points below 2300°R. The test point for nylon
£iller is questionable, as explained in Section 3.2. All of these tests
ware made in 23% oxygen. The values of Tox shown in the two figures were
obtained from the Appendix.

e

.005
05 { Y
FILLERS k
e UNFILLED
[~ o NYLON & a
o .00
o ] i DV o ‘ i
o _ 1\ He \
i NOMENCLATURE =
W Ty, -SURFACE TEMPERATURE-°R ,
H | Y -OXIDATION PARAMETER 3 Q.
« hes s-EFFECTIVE SKIN COEFFICIENT \ \
LB/FY?SEC \ °
-LOCAL PRESSURE-ATMOSPHERES \
oo }—* \ .0001 \
L NOMENCLATURE
\ Tw - SURFACE
. - TEMPERATURE - °R T
\ Y - OXIDATION PARAMETER \
L hgey - EFFECTIVE SKIN
COEFFICIENT - LB/FT2 SEC
p - LOCAL PRESSURE -
ATMOSPHERES
0002 . L .

2x10°* .6x10"* 1.0x10™ 1.4x10°* 1.8x10™* 2.2x10°* 2.6x10"

Ty -ond

V1w v

00002 .
3.0x10°4 3.4x10°* 3.8x10-4 4.2%10"* 4.6X10-* 5.0x10-* 5.4x10-4

FIGURE 9 GRAPHICAL DETERMINATION OF
OXIDATION CONSTANTS RCM FACE MATERIAL

FIGURE 8 GRAPHICAL DETERMINATION OF
OXIDATION CONSTANTS MATRIX I

19



Values of A and “lox obtazined by estimated best fit lines in Fig-
ures 8 and 9 are recorded in Table IT. For a chacx on the validity of. thece
results, the loser portionc of the theoretical oxidation parameter curves
in Figures S and € may be referred tc. No tests on Matrix II material
were made at sufficiently low temperatures tc zet into the transition
regime, so that oxidation constants could not be determined. The values
used for the theoretical curves in Figure L were bhaced on the values given
for commercial graphite in Table II.

Altnough it is always possible to find a pair of values of AD
and  Tox by this method, which will fit the test data fairly closely
on the cxidation parameter curves, there is insufficient data to determine
either one value accurately. Thus, a value for A (or ko), given
independently of Tox , does not define the oxidation performance adequately.

3.4 Determination of Spalling Constants

Experimental values of the oxidation parameter Y obtained in the
spalling regime, can be used to determine the spalling constants, once the
oxidation constants have been determined. First, we solve for X in Eqn.
2.2.1, using values ¢f A , B, and Tox , as given in Table II. We
then re-write Eqn. 2.2.2 ir the form

_T%/4‘
Feaw = (Y-— X) hees = BCe W 3.4h.1
Taking logarithms of both sides

-Q/vu-PsPALL. = /Q‘N (sc)-Ts/ W 3.4.2

Thus 4f experimental values of PseaLr are plotted g‘ga nst \ / Tw
on semilog paper, the slope of the best fit line is equal to — 51?“:9. s
and the intercept is equal to %\o (BC) . Plots of this type &re shown
for Matrices II and III respectively in Figures 10 and 11, The values of
Reeau were taken frem Table IV,

Values of C and Vs obtained in this way are recorded in
Table II, and were used for the theoretical plots of the oxidation parameter
in Figures L and 5. Insufficient high temperature tests were carried out on
the face material to determine its spalling constants, and the theoretical
curves in Figure 6 assume the same values as for Matrix II.
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ORI ek
AP?ENDIS

Definition of Terms in Plasma Test Data Summary

or Side for stagnation point or side heating test,

Specimen No: Number used to denote specimen in test series. The Matrix
II specimens with capital letter, e.g., II-A-l, are long

specimens.

Material: Designation of carbonaceous material and filler as defined
in Table I.

A Area of specimen (ft<).

Rox Ratio of oxygen to carbonaceous material (= 1.33 Rc

3
whers K. is proportion of carbon, as given in Table sze
Egqns. 2.1.7, 8 and 9). '

Awm,, Total mass loss of carbonaceous material (1b). By direct
measurament on stagnation point specimens. Computed from
local recession on side heating specimens, Mass losses
computed from recession on the stagnation point face specimens
are shown in brackets.

AM,a Total mass loss of ablative filler (1b). Specimens were
run until back face temperature indicated loss of filler,

t Duration of heat pulse in plasma arc test (secs).

Coxe Mass fraction of oxygen in plasma stream.

B Diffusion parameter; = R‘,.‘/c‘,xe (LEFF)mlf

Ve Enthalpy of plasma stream (BTU/1o)}.

P Local static pressure (atmospheres). Stagnation pressure

behind shock assumed for stagnation point specimens. Free
stream pressure assumed for side heating specimens,

cieokp Cold wall heating rate to calorimeter mounted at stagnation
point for stagnation point specimens. Mounted on side of
sting for side heating specimens. Reading taken immediately
before and after each test run (BTU/ft2-sec).

Tw Stabilized surface temperature of specimen (°R). Taken by
optical pyrometer, and corrected for emissivity and viewing
window,

5.4.,.”. Mass loss rate of carbonaceous material (1b/ft2-sec).

= AMM/tA



her

Pox

where

Ps PALL

Mass 1o .. te ¢f ablative fili:re {1b /"1‘ —sac),

Inthalpy of test medium at wall conditions (BTU/1b), i.e.,
temgerature T  and pressure P

Driving enthalpy (3TU/10) = bp = Uw
Hot wall heat flux (RTU/“t‘ -sec) =?«“L° AL/(L.R- Lco\.b))(:'CeLp

210-260 BTU/Ib. for stagnation specimens and 130 BTU/1b. for
side heating specimens).

Mass loss rate in diffusion rerime (lb/ftz—sec).

. (%Ho_‘_ AL - P(l\./lA)/(B + IIC)

This is a solution of the eqns.

BME

herr = w%\\a = K (Mg + ".4'*)

Lesser of M and MT°T lb/ft2-<‘ec) This is the
maximum amount of carbonaceous material which can have oxidized

on the surface, and in the boundary layer after spallirg, and
can therefore have contributed to transpiration cooling.

Convect%ve heating rate corrected for transpiration cocling

= %Ho.'. - AL ( );1;” + I:4A)

( K. assumed equal to .47 for all cases).

Iffective skin cocfficient (1b/ft-sec). = %BLOW A v
Oxidation parameter = BN,/ here

Quantity used in determining oxidation constants (see Ecn. 3.3.1).
= li . heee™
I—Y

Dimensionless oxidation rate (see Egn. 2.2.2).

L D{A/D"+ ¢
D= ?g’-e
cEF

For Matrix I1 and face material, X2z | in the spalling regime.
For Matrix III material, A and Tox are taken from Table II.

ox'ﬁv

Cuantity used in determining spalling constants (see Eaqn. 3.L.1).

= (Y" X) hg Fe




SFA TZST DaTa

SUMMARY

Tyoa Stagn Stagn. Stagr, Stagn. T *.,ag; . Stagn,
Soecimen  TI-a-1 I1-a-2 II-a-3 IT-b-1 IT-5-2 TI-b-3
No.
Material f-‘fati'ix Il Mateix IT Mabteix IT Mabtrix II Matrix II Matrix II
Polystyrene Polystyrene Polystyrene
A L0030k .0030), .00308 000k, 00204 .0020k
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
Awmyy .001980 .002530 .000990 .001930 .000510 . .000620
Amp 0 ) 0 .003200 .003150 .0032),0
t 1i5.0 57.0 33.0 142.0 u8.5 L.2.0
Coxe 23 .23 .23 .23 .23 .23
jb 5.80 5.80 5.80 5.80 5.80 5.80
Lr 5350 9650 15300 5350 9500 114500
P .05068 06245 07007 05068 06122 .07075
Geore 226 118 692 226 358 719
Tw LS20 5140 5880 1,510 5050 5700
Myor .005540 .0073RD .009830 204470 .0034L0 .00L860
Ma 0 0 0 .0074,10 .021220 .025380
Lw 14LCO 1889 2750 1400 1800 2550
Al 3950 7770 11550 3950 7700 12050
G nor 173 3Ls 569 173 330 603
M Q06770 006860 .007610 .006000 L0044 30 .005110
Mg .C056450 L6340 .D0751C .00ULT70 .003410 .004850
%ww 158.0 307.3 510.1 141.5 202.9 358.9
Rere .0h0010 .0395819 041200 .035800 .026300 .029800
Y L8208 1.1628 1.2398 L7243 L755% LA
.Po: - - - - - - - o
X — 1.0 1.0 _— _— _—
Raaw -— .0051,8 .01281 — —- -—



PLASMA TEST DATA SUMMARY (Cont'd)

A

TyoC . ovagn. Stagn. Stagm. Stagn ctagn. ctagn.
Specimen IT~-c-1 I1-2-2 I:[—(‘.";2 II-d-1 II-d-2 II"'d'B
No.
Material Matrix II Matrix IT Matrix IT Matrix II Matrix II Matrix II
Nylon 6 Nylon 6 Nylon 6 Fluor Acr Fluor Acr Fluor Acr
.00304 .00305 .00305 .00305 .00305 .00304
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
Ay, . Q00990 .000970 .001020 .000700 .000830 .002600
Ama .002980 .002830 .002910 .00L060 .004310 .002580
t 61.0 48.5 39.0 48.5 50.0 L0.0
Coxq .23 .23 .23 .23 .23 .23
B 5.80 5.80 5.80 5.80 5.80 5.80
i 5400 9500 14600 5100 9500 14600
P .05102 06122 .07075 .05102 .06122 .07075
Georo 224 398 67k 221 106 707
Tw 4520 5230 5680 4520 5190 5640
Myor .005090 .006560 .008580 .004730 .005LL0 .021360
Ma .015320 .019130 L0210 .027450 .028260 .021220
tw 1400 2000 2520 1450 1340 2500
Al 1000 7500 12080 3950 7560 12100
G vor 172 322 567 168 332 59
g .005060 .00L650 .00L4720 .003730 .003860 005420
Me .005060  .00L650 .004720  .003730 .003860 005420
sLow ll?uh 202 05 330.8 8505 169-3 380'0
herr .029300 .027000  ,027400  ,0216L0 022400 .0311,00
Y 1.0075 1.10%2 1.8161 1.2676 1.4085 3.9L%0
Pox - —— _— — — ———
X 1.C 1.0 1.C 1.0 1.0 1.0
B .00022 .01105 .02236 .00579 .00915 .09260

Adly




Aty
rPoacma TelT

uxi “a ~)

L1 a3
SAARY \v\."l )'-«‘

Toe Tagn. Stagi. Stagn. Starm. Stagn. S tagn .
Specimen II-e-1 II-e- IT-e-2 T-g-1 II-g-2 IT-g-3
Ne¢.
Material Matrix IT Matrix IT Matrix II Matrix IT Matrix IT Matrix IT
Amm Chl Amm Chl Amm Chl Borax Borax Borax
A .00304 .00304 .03305 .00305 .00305 .00305
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
PATV I .Q00%00 .00094L0 .001410 .003420 003300 .00L940
AmMa .001510 .001450 .001hL0 .0032L,0 .003500 .00231C
t 53.0 0.0 50.0 163.0 98.0 9L.0
Coxe .23 .23 .23 .23 .23 .23
B 5.80 5.80 5.9 5.80 5.80 5.80
i 5500 3500 1L500 5500 9750 14500
P .05136 06122 Q7041 .05170 .06218 .07080
Gcoro 230 L2 684 21k 316 u58
Tw L4510 5220 5540 L4810 5240 5840
NMyor .00L 700 007730 .009250 L00A670 .01101:0 .017230
"."A .007882 L01192C .0094Lk0 .00632C .011710 .01C150
Lw 14592 1940 2400 1600 2000 2700
Al LOs0 7540 12100 L0C0 7750 11200
%,m. 1746 339 580 158 258 380
Vg .Q05900 005720 .006130 .008450 .0u>650 .006360
Me .00L700 005790 0061130 005459 .005650 .005360
sLow lhl.‘? 2)-'&2;-5 uSl 3 126 2 167-9 214»905
1 AITANS NIANLNN LC7300 QAIANC a2 72NN O21710°n
hEFF .U IV U PR AV o\l AT I eV d [N RV ME IR a Vi)
Y L7789 1.3752 1 1383 1.224L4 2.9507 L.7360
Pox —- - — — _— —
X -—— 1.0 1.0 1.0 1.0 1.0
Foa - 01222 .01635 DC779 04233 .07883




A

Ty en Ztaen, Stagn, Stagn, Stasm., Stagn. Stagn.
Specimen Ti-A-1 II-4-2 IT-A-3 I1-c-1 11-C-2 I1-C-3
No.
Material Matrix TT Matrix IT Mabtrix TI Matrix 1T Matrix II Matrix 11
Nylon 4 Nylon 6 Nylon 6
.00308 .00307 .00305 .00307 .00307 .00307
Rox 1.3333 1.3332 243333 1.3333 1.3333 1.3333
Ay .003M .001520 022200 .001910 .002170 .001910
Ama 0 0 b .005380 .00L3L0 .003100
t 2Ll.0 61.0 49.0 135.0 95.0 30.0
Coxg .23 .23 .2 .23 .23 .23
B 5.80 5.80 5.8 5.80 5.80 5.80
La 5400 9300 1400 51,00 9300 11,200
P .05068 06122 .07075 .05058 06109 07007
Georo 2L2 L82 632 239 502 730
Tw L260 5060 5540 L3Lo 1960 5510
Myor 005770 .00%120  .O10KLOO  L0OL60O .007430 006930
Ma 0 0 0 .012980 .015300 .019600
Lw 1260 1800 2350 1230 1960 2320
Al 41.0 7505 12350 L2122 75L0 11980
Ger 13h 398 580 189 335 622
vy .007240 .008200 007140 .0057L0 005120 .005000
Me .005770 .008120 .007440 .004500 .005120 006000
2 srow 178.0 353.8 519.9 143.2 210.8 361.5
Rerr .043000  .0L:7800  ,0L3100  .03L800 .028100 .029930
Y <7784 9854 1.3995 L7667 1.5335 1.3428
L — -— — —— — —-
X _— ——- 1.0 — 1.0 1.0
Reaw - -— .01722 —- L0199 .01026

A6




Tiron Jtam, _taon, Cheom 5o Ztarn. Stacn,
Specimen II-2-1 I11-5-2 IT-3-2 I1IT-a-1 IIT-a-2 ITT-a~3
No,

Material Matrix IT M Matrix IT Matrix III Matrix ITII

~Iil

A [Ny

PR e o AN |
LU uilad

Matrix ITI

.00308
1.3333
.001770

.0023590
131.0
.23

5.90
5400
.05058
2h2
LL90
.CCL370

0070720
1386

4020

187
LODALED
.00/;350

157
.03
Ll

“‘ba~l

CON

-~
bl
2J\
2

.007010

00302
1.3333
.002360

002920
9.0
'23

5.80

11:300
07007

L0OLDI20
1.1782

—a

a

1.0
00715

—
s

.0029%5
1.2225
0000AY

Q
22.7

)
QLB

5.32
3500
.05170
4L
LL20
.000950

0
1330
2170

oL
.007230
.000950

71: -O
052680
1291

.000597
.15275

——

.00236
1.15%90
.000140

0]
13.C
.23

5.03
8000
.06333

326
5340
.003540

0
2100
5300

2L3
007370
003540
234.0
0392660
L9l

~g ~
.C08275
I DY ~
S43543

- -

.00236
1.2000
.0004L30

0
16.0
.23

5.22
13000
07177

530
5950
.009000

0
2850
10150

470
007860
.00786C

Vars ¢
HRIS IS

L0100
1.14L7

.72578
01719




I’:;'K
JRE .}

e PR F e o~ -y \
SHA TEST DATA ZUMMARY (Cont'd)

.

Type ‘Stagn. Stazn, Stagn. Stagn Stagn. Stagn.
Specimen IIl-c-1 IIT-c-2 T17-c-3 I{-e-1 IIT-e-2 I1I-e-3
No
Material Matrix ITI Matrix IIT Matrix III Matrix III  Matrix IITI  Matrix III
Nylon 6 Nylon 5 Nylon 6 Amm Chl Amm Chl Amm Chl
.002% 00295 .00295% .00292 .00239 .00290
Rox 1.2000 1.2266 1.2320 1.1933 1.1813 1.1813
Ay, .000770 .000570 .201150 O .0004,20 .000690
AMa .0030L0 .003500 .003L50 .001140 .001540 .001040
t 66.1 L2.5 33.6 39.0 23.0 25.3
Coxe .23 .23 23 .23 .23 .23
= 5.22 5.33 5.3 5.19 5.1, 5.1,
ln 3500 10350 13020 3500 9800 13000
P .05136 .06293 07143 .05116 .06190 07243
?:on.b 138 365 572 129 374 563
Tw L4420 5860 6010 3680 5720 6020
Mror .COLOLO .005330 .011520 0 .005010 .0094,00
Ma .0155L,0  .027820  ,034570  .010080 .019570 011170
Lw © 1330 2739 2920 1000 2600 2900
Al 2170 7620 100890 2500 7200 10100
%nor' 91 275 L52 27 282 LS
"' .005350 .002910 .003600 .005170 .00LL 390 .005970
Me .00LoLO .002%10 .003600 0 .00LL30 .005970
Fewow  62.5 118.1 194.2 80.1 155.9 309.7
here .028829 .015500 .019270 .032050 .021660 .0306A0
Y .7318 2 1.8329 3.1028 0 1.1888 1.5760
Fox 018650 7 —-- _—— —— ——— ———
S .21800 ? .91149 .91541 — 81736 .82103
Raaw .01’480 .011:28 .0L215 —— .00805 .02315




00104¢
FRYAT AWMLY,

[.001030]

(AN &)

5

»]
Fe
.23
1300C

02610

002952
r’

Ia)
-

o T
."}.0
.23

5.80

LRy
[RSAV NSO
-0“%139

ot
3)H,L

LO2R517
3357

.000390

200833]  [Lo0o%s0]

001910

LONN1T7A

156.7
.028970
.3%1

n37
Lo

L00L9h0
004417

Type Stazn. Stagm., Stagn, stagn. Stagn Stagn.
Specimen P F2 £3 £l P5 Pg

No.

ratberial Face Faca Face Pace Face Face
A .0C30hL 00205 .00308 . 20304 .00301 .0030y
Rox 1.3332 1.3333 1.3323 1.3333 1.3333 1.3333

.001040
[2001080]

0
5L.5
.23

5.80
16533
.02820




— ~ - AR Ty ~ \
PLASMA T3ST DATa SUMMARY (Cont'd)

Type Stagn.  Staen. Stagn. Staen. Stagn. Stagn.
~ Cpecimen ' In Ig P15 P1q Pio
No. b ’
Materidl Face . Face Face Face Face Face
A .00:0L .00302 .00304 .00304 .00305 .0030L
Rox 1.3343 1.32323 1.3233 1.3333 1.3333 1.3333
Ay, .000580 0002110 .00Ch30 .000370 .000970 .001060
[000579]  [000140] Toookso] (Gooozsd]  [000980]  1.000860]
Ama 0 0 0 0 0 0
t 133.3 141.0 93,0 233.0 55.5 280.5
COK. o 0 O O ‘23 ‘ IOS
B oo o oo ) g.80 26.67
Ca 3708 3530 10175 3391 1518 6358
P .02260 .01450 .02320 .215%0 02760 .01530
Feoro 433 155 160 133 L33 206
Tw 3654 3312 L3958 3569 519C L1gk
Myor .001379 .000L93 .00152C .00CL30 .005730 .0012)2
Ma 0 o) 0 o 0 0
Lw 1000 880 1R€0 260 2140 12590
Al 7574 2710 8315 2431 12968 L1318
G ror Lo 12L 386 105 278 139
v 0 0 0 0 .00LE07 .001232
Me 0 ) 0 0 .00L507 .001232
%.mw ——— -—- -—- - 339.0 135.3
hgpr - == - — 00261,43 00332314
Y ~~— — — — 1.2712 1.0085
Pox — —— —— ——— — —
X ——— —— —— —— ——— ———
Roaw. -— -—— — —— —— —

A=10




i LT MDA tama armeet Tt S 10N
Slwrlli Dol LAaTA ZITTIE LN

T Stasn Shagr Ztanmn, Ztarm Stazn,
‘ipecimen Pl:‘ £y Pl; ri4 Py
iHO .
Material TFace Face Face Face race
A .0030% .00308 L0030, .0030L .0030
Rox 1.3332 1.3333 1.3333 1.3333 1.3333
Amy .003250 .001;39 000900 .000970 .001560
[-ooceng]  [onrzro]  (Lcoceic]  [L00o830] [.c01600]
t 35.0 241.0 185.0 5.0 104.0
COK. olo Q]—O .O -lo 023
B 13.33 13.33 = 13.33 5.80
in 5100 12817 11253 6517 12270
P .0214h0 .02570 .02080 .02170 .0261,0
Georo 211 L83 538 223 102
Tw 4100 5182 5358 11380 4920
Mror .002275 .00332°% .001608 .002200 .00L93)
Ma 0 2 o 0 0
Lw 1200 2150 2470 1360 1880
Al 1:905 10677 3788 K157 10390
G et 175 Lo7 L30 183 3L8
v 002572 .002722 O .002538 .005173
Mg .002276 .002722 0 .002200 .00493k
%oww .’LAS)GO 38703 —— 36506 313 -L
Reer .03u482 L3627 — .032114 .030166
Y 3799 1.2218 _— 23132 .9L87
Fox - —— —- e ——-
X ——— ——— —— — ———
Reaw.  -=- - - -—- -—

A=l
RE NS



PLASMA TECST DATA SUMMARY (Cont'd)

Type Side Side Side Side Side Side
Specimen SH-1 SH-2 Si1- ZH-5 SH-E SH-7
No.
Materizl Face Face Face Face Face Face
A .008L,0 .005L:0 .006L:2 00656 .00656 .00665
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
Ay, .000036 .000359 .000093 .000500 .000L57 .00002)
Ama 0 0 0 0 0 0
t 121.0 120.0 121.0 120.0 119.5 188.0
Coxe .23 .23 .23 .23 .23 0
B 5.80 5.80 5.580 5.80 5.80 oo
in 5130 10600 5500 13500 13L50 L72L
P .00155 .00293 .00177 . .00333 .00333 . .00068
Georo 8.50 32,70 10.65 L9.00 53.50 9.18
Tw 2223 2822 221 3263 3270 2040
Mror .0000L7 .000L67 .000119 .000635 .000583 .000007
Ma 0 0 0 0 0 0
Lw 570 740 570 870 880 520
Al L5600 9360 L4330 12630 12570 Lok
Guer, 1.77 30.82 2.80 ub.32 50.50 8.43
Vi .000263 .00CLB3 .000307 .000567 .000621 0
Me .000047 .000L67 .000119 .000567 .000583 0
%aww 7.63 27-99 9~b)4 Ll-sz h5062 ——
Rers .001573 .002839 .001915 .003287 .003629 —
Y .1632 .9542 .3603 1.1205 .9317 ~—-
1:‘.. .000057 ¢ .05L690 000421 --- -— —
Roaw - — - — — -

A-12




PLASMA TEET DATA SUMMARY {Cont'd)

Type Side 5ide Side Side Side Side
Specimen SH-8 ' SH-3 "~ SH-10 SH-11 SH-12 SH-13
No. :
Material Face Face Face Face Face Face
A 00657 .00660 .00653 .005663 00562 .00661
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
Awny .000070 .000075 .000362 0 000655 - .000218
Am, o 0 0 0 0 0
t 480.0 128,02 75.0 71.0 150.0 70.0
Coxe e 0 .23 .23 23 .23
B o0 oo 5.80 5.80 5.80 5.80
ln 10835 17C95 11,300 6650 12800 10000
P .00153 .00255 .00306 .00119 .00255 .00323
Georo 30.30 51.80 68.0L 11.80 58.32 L1.00
Tw 2606 297L 3L36 2220 323L 2926
NMror .000022 .000026 .000739 0 .000660 .000471
Ma o 0 0 0 0 0
Lw 670 790 950 560 860 770
Al 10165 16315 13350 6090 1194L0 9230
G o 28.80 49,84 &h.18 11.0L 55.00 . 38.38
' G 0 .0007L3 -— .001712 .00053):3
Me 0 0 .000739 — .000660 .000L71
Fowow - — 57.5L - 49.72 35.17
Reper = —- — .004310 —— 00416} .003643
Y ——- -—- .99LL - .9193 . 7106
Fox _— _— — _— ——— —
X —— — _— — _— ——
Reaw. ——— —— - - —— ——

A-13



PLASMA TEST DATA SUMYMARY {Cont'd)

Tyve Side oide side Side Side Side
Specimen SH-1j SH-15 SH-16 SM-17 3H-18 SH-13
No.
Material Fgace Face Face Face Face Face
A .0063L .00653 .00659 .00656 .00660 .00656
Rox 1.3333 1.3333 1.3333 1.3333 1.3333 1.3333
Anyy .000L35 .000199 © .000057 .000617 - .000650
Ama 0 0 0 0 0 0
t 99.5 961.0 468.0 1:80.0 960.0 180.0
Coxe .23 o 9] 0 .05 .10
B 5.80C oD ) oD 26.67 13.33
in 11100 8331 7110 10691 9758 7608
P .00323 .00153 .00153 .00259 .00170 .0020}
Georo 55.60 hiJLh 17.00 57.10 28.48 28.51
Tw 3061 2717 2165 274k 2690 2750
Myor .000662 .0000032 0 .000031 .000097 .000206
Ma 0 0 0 0 0 0
Lw 320 720 550 720 700 720
Al 10280 7411 £5E0 9971 9058 6888
G ot 52.15 39.51 16.00 53.9% 26.32 26.30
Me 000734 2 0 o .000108 .000273
Me .000662 0O 0 0 .000097 .000206
Feow  L7.59 —— —— ——— 26.23 25.35
"‘If.rl- .OOu629 - —— ——— .002896 .003680
Y .329% —— _— ——— 8232 «Th62
1;3- - ——- —- —— .036900 .014390
Reaw - — - —_ -



Liamags menm vy
FoAcilin LLos Jdilda O

SIMALY (Cont !t

4=15

Tyun Sife Jide Sida Side cide 2ide
Coponimazn ZMLDD Joare 2 hare 2 Sp-ln SH-2R SH-12R8
“aterial TFace Facs Tace race Facs Faca
A 22655 L0557 L0667 00850 .00518 .00626
Rox 1.2333 1. 3233 1.3333 1.32233 1.3333 - 1.3333
Ay, 200095 001479 LOC35D 00019 .000902 .000931
Amp d o » 0 0 0
t 242 235 210 21,0 240 240
Coxg .23 .23 .23 .22 .23 .23
B 5.80 5.80 5.30 5. 70 5.80 5.80
in 3360 12430 105600 5400 11000 13000
P .C0102 .00255 .00323 .00155 .0027% .00340
?col.o 9-\)? Owe il 57 078 8-30 33-30 ;)-ho
Tw 025 3177 3277 2135 2832 3115
Niror LOZ0040 200937 .2008L5 200124 .0005908 000612
Ma 0 < 3 0 0 0
L 5.0 859 880 560 750 830
Al 3310 11550 770 L340 10250 12170
G ver 1.83 77.23 53.62 7.62 31.90 56.17
g .000102 000756 L0085, .000213 .002L3%1 .000713
Me L00I950 900769 .0M8B5Y .00012L .000481 000619
¢ aow 3.50 51.32 18.19 7.22 28.50 51.12
Reer .002570  .00LLL2  .OOLYSR  .001)91 .002788 .004200
Y 1353 1.22147 .9885 L1822 1.2647 .851:8
Fox .000137 -—- ——- .063930 — -
X — ——— ———— ——— ——— —
Reaw - -—- —- — -—- -—



A-16

PLAZML TLOT DATL SUMMARY (Cont'd)
Tyve Side Side 3ide cide
Sneciman 5I-11% SH-137 SU-1NR SH-20R
No.
Material Face Face Face Tace
A . C0668 L0061 00633 .0064L9
Rox 1.3333 1.3333 1.3333 1.3333
Ay, .00029% .001092 .000942 .000131
Ama 0 0 0 0
t 240 2L0 240 2L0
Coxe .23 .23 .23 .23
B 5.30 5.80 5.80 5.830
[ 5800 10000 12000 5600
P L0022}, .00351 .0037L .00157
?COLD 120-1-5 37-50 52.11 9072
Tw 2319 3067 3011 2041
Myor .00013Y .N00704 .000633 .00008),
Ma 0 0 o o)
Lw 620 320 790 550
Al 5050 11210 3130 5200
G ror 11.214 3L.R8 L3.21 9,08
Yig .000331 .000587 .00C679 .000273
Me .00018), .000587 .000633 .00008)
e .002019 .003L06 .003966 .001743
Y .5285 1.2023 .9256 L2794
Fox .001078 — .048L30 .000211
X — _— — _—
Reaau. -— -— —— —



